The ν = 0 quantum Hall state in graphene has attracted experimental 1-11 and theoretical [12][13] [14] [15] [16] [17] [18] interest.
gap is interesting for applications, the magnetic field required to control the energy gap in graphene is of the order 15-30 T (Ref. 9 ).
Here we induce an intrinsic magnetic exchange field in graphene on YIG of the order 60 T. The magnetic order and the energy gap of the edge modes in graphene can be tuned more efficiently than in the absence of YIG by varying the magnitude and direction of a magnetic field. In particular, out-of-plane magnetic fields (B⊥) excite transitions between different ν = 0 quantum Hall states in graphene. The tunability of the magnetic order and the energy gap of the edge modes in graphene are probed through nonlocal resistance (Rnl) vs. gate voltage (VTG) measurements as a function of B⊥ and temperature (T) in Hall bars. The functional form of Rnl(B⊥) is found to evolve from a single-to a double-peak structure, which is consistent with theory and demonstrates a competition between F-and CAF-states ( Fig. 1 ) in magnetized graphene.
Edge states in graphene lead to nonlocal transport and invalidate the concept of a local resistivity tensor 19 . For ballistic transport, Rnl is quantized to values which depend on device geometry 19 , but in graphene on YIG the edge modes are not fully protected against backscattering and device dimensions are larger than the mean free path for charge scatter meaning values of Rnl are non-universal. Nevertheless, they provide a robust signature for the presence of edge modes as we explain here. The edge spectrum for AF-, CAF-and F-states are different and distinguishable by measuring Rnl(VTG): the AF-state does not support edge modes and Rnl is zero; however, the CAF-and F-states do support edge modes meaning Rnl is nonzero. For the CAF-state (F-state), the edge mode is gapped (gapless) and Rnl(VTG) has a double-peak (single-peak) structure (Fig. 1 ). We demonstrate a transition from a single-to a double-peak in Rnl (VTG) with B⊥ from 8 T at 2.7 K. Although these results are consistent with theory 17 , values of B⊥ are lower than expected for isolated graphene (i.e. in the absence of a magnetic substrate) and T-transition is an order of magnitude higher 9 . From theory we estimate a magnetic exchange field in graphene due to YIG of the order 60 T (consistent with theory [20] [21] [22] [23] ), which acts to lower the magnetic field required to interpolate between F-and CAF-states.
Recently, Wei et al. probed nonlocal transport in graphene/EuS Hall bars 24 in which the EuS is a ferromagnetic semiconductor but the ν = 0 states were not reported. In our experiment, we chose YIG since it has a Curie temperature of 550 K (compared to 16.5 K for EuS), a wide bandgap of 2.84 eV (1.65 eV for EuS) and is chemically stable. Furthermore, YIG has an electrical resistivity of 10 12 ⋅cm, which isolates electrical transport to graphene.
Atomically flat (110) YIG (84-nm-thick) is grown by pulsed laser deposition (see Fig. 2a and Methods) onto single crystal gadolinium gallium garnet with a volume magnetization of 144 emu cm -3 ( fig. S3 ), matching bulk YIG 25 . Magnetoelectric properties in graphene on YIG are investigated by fabricating Hall bars in several steps involving exfoliation of graphene from graphite and dry transfer onto YIG. Electron beam lithography is used to define Au/Cr electrodes (see Methods). The graphene is capped with thickness of 20-50 nm hexagonal boron nitride (hBN) and has a typical field-effect mobility of  ~ 10,000 cm 2 V -1 s -1 at 9 K with a 40-nm-thick AlOx top-gate (Fig. 2a , left inset). We note that  is higher than previous reports for exfoliated 23 or chemical vapour deposited [26] [27] [28] graphene on YIG. Control Hall bars of hBN/graphene/AlOx/YIG ( ~ 15,000 cm 2 V -1 s -1 at 9 K) and hBN/graphene/SiO2 ( ~ 3,000 cm 2 V -1 s -1 at 9 K) are investigated in which graphene is decoupled from YIG. The AlOx decoupling layer has a thickness of ~6 nm while the SiO2 is a thermally oxidized layer on silicon. Before Hall bar fabrication, Raman spectroscopy is performed on the graphene/SiO2 prior to and following transfer onto YIG or AlOx (Fig. 2b) . Both before and following transfer onto YIG, we do not observe smearing of the 2D-peak or an additional D-peak (Fig. 2b) . The left inset of Figure 2a We first focus on nonlocal measurements of hBN/graphene/YIG Hall bars in zero magnetic field. 30 . The magnitude of B controlling the magnetic order and the energy gap of the edge modes in graphene is of the order of 5-10 T, which is smaller than the 20-30 T field required in the absence of YIG 9 .
In conclusion, by placing graphene on YIG a magnetic exchange field in graphene of the order 60 T is induced which enables low field (8 T) tunability of the magnetic order and energy gap of the edge modes in graphene. can be controlled with VTG and the appearance of the edge states at the given energy gives rise to nonlocal signal.
Methods

Growth
This leads to a single-peak (double-peak) structure of Rnl in the case of F-state (CAF-state). ≤ FWHM ≤ 25 cm -1 ] is selected and used to fabricate devices (Fig. S4c ).
The quality of the Hall bars is characterized through Hall-effect and field-effect mobilities. The
Hall-effect mobility of hBN/graphene/YIG Hall bars can be tuned via the top-gate voltage (from -5 V to 1 V with a leakage current of ~210 -11 A) up to ~50,000 cm 2 V -1 s -1 with 5×10 10 cm -2 carrier density at 9 K (Fig. S4d) 
S2. Ohmic contribution to Rnl
Several sources may induce nonlocal voltages in the absence of an external magnetic field. One source is the Ohmic contribution 1 , which is given by nl, xx
where L and W are the channel length and width as graphically defined in Fig. 2a of the main paper. In zero external magnetic field for the hBN/graphene/YIG, L/W = 2.75 and Rxx = 9.8 kΩ, and from Eq. (S1)
we find Rnl,Ω ~1 Ω, which is two orders of magnitude smaller than the measured Rnl (Fig. S5a) .
Furthermore, Rnl from hBN/graphene/YIG is sharper than Rxx when top-gate voltage approaches the Dirac point (VD). We can therefore conclude that Rnl is not simply proportional to Rxx in zero magnetic field meaning that the nonlocal signal from hBN/graphene/YIG is dominated from other factors than the Ohmic contribution.
S3. Magnetoresistance at low magnetic fields
At low magnetic fields our device exhibits sharp negative magnetoresistance which is attributed to weak localization effect (Fig. S5b) . The device shows high quality which is confirmed by Shubnikov-de
HaasS oscillations appearing at magnetic fields as low as 0.5 T. As Rashba spin-orbit coupling in graphene should give rise to weak antilocalization effect, in our device there is no strong spin-orbit coupling.
S4. Thermal contribution to Rnl
In all transport measurements we use an alternating-current excitation of ~50 nA at 2.7 K and ~100 nA at 9 K with a frequency ~7 Hz. These low current amplitudes are chosen to minimize thermal contributions to the nonlocal transport due to Joule heating and Ettingshausen effects whilst simultaneously maximizing the signal-to-noise ratio of the measured voltages.
Joule heating can give rise to the second harmonic nonlocal signal R 2f nl,J , and Ettingshausen effect can lead to first harmonic nonlocal signal R f nl,E (Ref. 2, 3) . For all the Hall bars, we measure both the first and second harmonic nonlocal signal using lock-in amplifiers. At 2.5 T, R 2f nl,J is typically two orders of magnitude below the Rnl (Figs. S6a,b) and in the 8-10 Ω range when I = 100 nA. Figures S6c,d show that R 2f nl,J is directly proportional to the excitation current as expected and hence the excitation current is kept below 100 nA during the measurements to minimize the thermal contribution. In addition, when the S3 current and voltage probes are switched to reverse the current direction, R 2f nl,J changes sign due to heat flow reversal along the Hall bar (Figs. S6c,d ). In zero magnetic field, R 2f nl,J is less than 1 Ω, which is negligible (Fig. S6e) .
Ettingshausen contributions to the first harmonic nonlocal signal are due to the heat flow generated by Ettingshausen effect, which can be described as R 
S5. Nonlocal and local measurements on hBN/graphene/SiO2 control Hall bars
We investigate Rnl and Rxx of hBN/graphene/SiO2 control Hall bars in which the graphene is not coupled to ferrimagnetic insulator YIG. The field-effect mobility is in the 1,500 to 3,500 cm 2 V -1 s -1 range with a carrier density between 10 11 and 10 12 cm -2 . At B⊥ = 12 T, both longitudinal conductivity (σxx) and Rnl show a single peak at the Dirac point (Fig. S7a) , and the magnitude of the peak in the nonlocal signal is an order of magnitude smaller than in the presence of the coupling to YIG. The Hall conductivity σxy vs. top-gate
voltage VTG − VD only shows plateaus corresponding to ν = ±2 (Fig. S7b) . At 12 T and 0 T, R 2f nl,J is one order of magnitude below the Rnl (Figs. S7c,d ). In zero external magnetic field for the hBN/graphene/SiO2
Hall bar, L/W = 2.6 and Rxx = 5.8 kΩ, and from Eq. (S1) we find Rnl,Ω ~1 Ω, which is one order of magnitude smaller than the measured Rnl (Fig. S7e) .
S6. Nonlocal and local measurements on hBN/graphene/AlOx/YIG control Hall bars
We investigate Rnl and Rxx of hBN/graphene/AlOx/YIG control Hall bars in which the graphene is decoupled from YIG by a thin layer of AlOx (~6 nm). The Hall-effect mobility is 15 
S7. Transition to an insulating quantum Hall state
In the presence of the magnetic exchange field induced by YIG, graphene undergoes a metal to insulator transition with increasing magnetic field indicated by a sharp rise in Rxx. Such a rise is not observed in hBN/graphene/SiO2 and hBN/graphene/AlOx/YIG Hall bars (Fig. S9a) . Since no traces of broken degeneracies that might provoke the appearance of the insulating state have been observed in our control samples where graphene is decoupled from YIG, we conclude that the appearance of the plateau at ν = 0 in our experiments is intimately related to the graphene/YIG coupling.
S8. Theoretical description of the competition between F-and CAF-states
We discuss the phase transition between the fully spin-polarized ferromagnetic 
where E0 is a constant, L 2 is the area of the sample and lB is the magnetic length. The anisotropy energy u(B⊥) depends not only on the microscopic interactions that break the valley symmetry on the lattice scale, but also on the Landau level wavefunctions, so that it can be controlled with the help of B⊥. Under the assumptions discussed above, M(B) = |M|, which only depends on the magnitude of the total magnetic field B = |B|. The spin directions are described by the polar angle θ of the spins relative to the direction of M, and the azimuthal angles φ, φ + π in the two sublattices. The energy does not depend on the azimuthal S6 angle, so φ describes spontaneously broken U(1)-symmetry in the CAF-state. The AF-state is reached when M = 0 and in this case θ = π/2, indicating that the spins in the two sublattices are pointing in opposite directions. As M = 0, we can define θ relative to any axis and AF-state is described by spontaneously broken SU(2)-symmetry. In the F-state, the magnitude of M is so large that spins are fully polarized along the direction of M, then there is no spontaneously broken symmetry in this case (paramagnetic phase).
The angle θ is determined by equation,
so that the transition from CAF-to F-state occurs at
The anisotropy energy u(B⊥) is not known very well theoretically, therefore we determine it by utilizing earlier experiment results 6 . From experiment, the edge mode conductance is measured as a function of B for various values of B⊥. In the CAF-state, the edge is gapped giving a zero conductance.
On the other hand, F-state supports counterpropagating helical edge modes. If they are ballistic (i.e. the length of the system is shorter than the mean free path), the conductance in a simple two-terminal geometry is given by G = 2e 2 /h. Indeed, experimentally the conductance G(B, B⊥) shows a sharp crossover from leading to an AF-state, which is consistent with the experimental observations that ν = 0 state in graphene is (approximately) spin unpolarized 9 , charged excitations are gapped both in the bulk and at the edge 9, 10 as well as with the observation of long-distance spin transport 7, 8 . In the case of tilted magnetic field, it leads to a CAF-state and θ decreases with increasing B when B⊥ is kept constant. To achieve a transition from CAF-to F-state, it needs a very large magnetic field 6 (~ 10B⊥).
Our experiments indicate that the proximity from YIG does not lead to strong orbital effects in graphene, and therefore we expect that the estimation for the anisotropy energy [Eq. (S8)] is valid for our devices. In Fig. 5 , the transition from CAF-to F-state occurs approximately at B⊥ ≈ 6 T. So Mex induced by YIG is estimated to be 60 T. Moreover we calculate how the angle θ depends on the magnitude of B⊥.
Interestingly, θ can be changed over a large range with relatively small external magnetic fields on the order of 5-10 T ( (approximately AF-state) until α is so small that the system is driven out of the quantum Hall regime.
It is worth pointing out that magnetic exchange field lowers the energy of both the CAF-and Fstates. In the CAF-state, magnetic exchange field decreases the energy as -δE ∝ M 2 /u(B⊥) and in the Fstate as -δE ∝ M. Therefore, magnetic exchange field can stabilize both CAF-and F-states in samples where the ν = 0 quantum Hall state would not be realized in the absence of magnetic exchange field. This could explain why the quantum Hall state is only observed in the sample where the coupling to YIG is present and not in our control samples where this coupling is absent.
S8
S9. Energy gap of the edge modes
The low-energy edge excitations in this type of quantum Hall systems are collective excitations [11] [12] [13] . While the properties of these collective excitations are different from the single-particle excitations, for our purpose, an adequate estimation of the energy gap of the edge modes can still be obtained using a simplified mean-field single-particle approach developed in Ref. (5) .
In the AF-state the charged bulk and edge excitations are gapped, whereas in the F-state the bulk excitations are gapped but gapless counterpropagating edge modes (protected by spin-rotation symmetry)
appear at the edge. Because the CAF-state continuously interpolates between the AF (θ = π/2) and F (θ = 0) states, the edge gap has to gradually decrease when θ decreases from π/2 to 0. This behavior is captured by the mean-field Hamiltonian
where the Pauli matrices τi and σi operate on the valley and spin degrees of freedom, respectively, and the spin quantization axis (z-direction in the spin space) has been chosen to be along the direction of the 
